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age- and a gender-adjusted relative risk of 1.36 for 
the combined end point of  myocardial infarction or 
stroke after adjustment for the other risk factors. 
This contrasts, in the same model, to a 1.34 increase 
in risk associated with a 1 SD (5.5 years) increase in 
age and a 1.21 increase in risk for a one SD change 
(21.5 mm Hg) in systolic blood pressure. The rela- 
tive strength of the associations between events and 
IMT as compared with the association between 
events and other traditional risk factors uggests that 
IMT, by itself, is as powerful a predictor of incident 
events as the traditional risk factors. 
It is probable that other imaging techniques will 
prove to be as strong or stronger predictors of risk as 
IMT. Large prospective studies are under way that 
will define the prognostic value worth of other non- 
invasive imaging tests to quantitate subclinical 
atherosclerosis. Cost has to be considered in deter- 
mining what best constitutes the basic building blocks 
of risk assessment profiling. Most traditional risk fac- 
tor measurements--age, blood pressure, smoking his- 
tory, diabetes--are available at little or no cost. 
Measurement of  IMT is currently in the range of 
$100 to $200. Coronary artery calcification measure- 
ment averages $400 to $500. While it is unclear 
exactly what MRI measurements will ultimately prove 
most useful, it is certain that the cost will be similar or 
higher than that for coronary artery calcification scor- 
ing. Against this must be weighed the expense of 
aggressively treating those who will likely derive little 
or no benefit from treatment, and not treating those 
who could well benefit. The issue then becomes the 
incremental precision that imaging brings to current 
risk profiling relative to the expense of obtaining that 
information. We can indeed image the early lesion 
with greater and greater precision. The question ow 
is when does it make sense to do so. 
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Rupture of the fibrous cap overlying the vulner- 
able plaque is the most common cause of coronary 
artery thrombosis. These atherosclerotic lesions 
have specific structural, cellular, and molecular char- 
acteristics that make them at high risk for rupture. 
Several of these characteristics of a vulnerable plaque 
include a thin fibrous cap overlying alarge lipid core, 
a soft core made of cholesteryl ester, inflammatory 
cell infiltrate, and cap irregularities. Identification of 
a plaque at risk for rupture would allow one to treat 
those lesions more aggressively. 
Multiple modalities including ultrasound, com- 
puted tomography, and magnetic resonance (MR) 
imaging have been used to help characterize and 
identify which plaques may be at risk. Most are able 
to measure vascular wall thickness or luminal nar- 
rowing. MR imaging is ideal for evaluating addi- 
tional characteristics of  the vulnerable plaque for 
several reasons. At small field of view, the in-plane 
resolution can be on the order ofmicrons, providing 
MR microscopy, or histology-like images of  these 
tissues. It provides imaging without ionizing radia- 
tion that can be repeated sequentially over time. It 
can differentiate plaque components on the basis of 
biophysical and biochemical properties such as 
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chemical composition and concentration water con- 
tent, physical state, molecular motion, or diffusion. 
In addition, with the use of spectroscopy, tissue 
characterization on the molecular level is obtainable. 
The ability to obtain images from these small struc- 
tures is dependent on the amount of available signal 
and the lack of noise. Three methods of improving 
the signal to noise ratio for MR imaging of the vul- 
nerable plaques have been investigated using novel 
coil technologies to improve signal and thus the 
image quality. These methods include surface coil 
technology whereby a coil is placed over the vessel 
to obtain signal, perivascular coil placement where- 
by the coil is implanted around the vessel, and 
intravascular MR whereby the coil is placed within 
the vessel. Each approach as its advantages and dis- 
advantages. 
With improvements of the MR surface coil tech- 
nologies, high resolution and contrast imaging 
became possible, and therefore allowed the study of 
the different plaque components u ing multicontrast 
MR, generated by T1, T2, and proton-density 
weighting (PDW). Multiple studies have becn previ- 
ously performed to validate MR using surface coil 
assessment of the different plaque components. 1-4
A study performed in patients with advanced 
carotid atherosclerosis who were referred for 
endarterectomy showed that MR allows the in vivo 
discrimination of lipid cores, fibrous caps, calcification, 
normal media, adventia, intraplaque hemorrhage, and 
acute thrombosis. 3 The relaxation constant T2 
of various plaque components in vivo calculated 
before endarterectomy correlated closely with values 
obtained in vitro after surgery with MR. 
In a recent study, Shinnar et al 5 analyzed 22 
human carotid endarterectomy specimens with ex 
vivo MR. Specimens were matched between the 
multicontrast MR images (partial T1-, TI-, heavily 
T1-, partial T2-, T2-, PDW-, and diffusion-weight- 
ed imaging) and histopathology. The overall sensi- 
tivity and specificity for each component were very 
high. Calcification, fibrocellular tissue, lipid core, 
and thrombus were readily identified. Diffusion 
imaging, which probes the motion of the water mol- 
ecules, was found to be useful for thrombus detec- 
tion as also demonstrated byToussaint et al. 6 
Atherosclerotic plaque characterization by MR is 
based on the signal intensities and morphologic 
appearance of the plaque on T1W, PDW, and T2W 
images as previously validated.2,3, 5 Lipid components 
are defmed as hyperintense regions within the plaque 
on both T1W and PDW images and hypointense on 
T2W images. Fibroeellular components are defined 
as hyperintense regions f the plaque on T1W, PDW, 
and T2W images. Calcium deposits are defined as 
hypointense regions within the plaque on T1W, 
PDW, and T2W images. Thrombotic plaques have 
marked irregularities on the luminal surface and are 
considered as hyperintense (l ss than most fibrocellu- 
far components) regions within the plaque on T1W, 
PDW, and T2W images. 3 
In animal models, Skinner and colleagues 4 report- 
ed that in vivo MR plaque characterization is useful for 
studying the progression ofexperimental therosdero- 
sis in hypercholesterolemic rabbits and for imaging the 
plaque components such as fibrous caps, necrotic 
cores, and intraplaque hemorrhage. Since the patho- 
genesis of atherosclerosis is currently being investigat- 
ed in genetically engineered small animals, Fayad et al7 
have demonstrated a noninvasive MR microscopy tech- 
nique to study in vivo atherosclerotic lesions (without 
knowledge of the lesion location or lesion type) in live 
apolipoprotein E-lmockout (apoE-KO) mice. The spa- 
tial resolution was 0.0012 to 0.005 mm 3. Lesion type 
was graded by MR according to morphological appear- 
ance/severity and by histopathology accordhag to the 
AHA classification. There was excellent agreement 
between MR and histopathology in grading of lesion 
shape and type (slope = 0.97, r = 0.91 for lesion shape; 
slope = 0.64, r = 0.90 for lesion type). 
Perivascular implantation of an MR coil has the 
advantages of consistently imaging the same area of 
interest with no need to position the coil and obtain- 
ing a high signal from only within the tissue of inter- 
est. With the use of an inductively coupled coil, no 
external wires are needed. The inductively coupled 
implanted coil technique was first developed for p o- 
ducing high-quality in vivo 31P spectra of kidney 
and liver in rats and cats. Summers et al8 demon- 
strated wall changes after angioplasty in a rat carotid 
artery using an implanted coil at 7 Tesla. That work 
used a primary injury model demonstrating the 
response of a normal vessel to angioplasty. Their 
results showed a good correlation between arterial 
wall thickness measured with MR and histology. 
An external surface coil achieves its maximum 
SNR at the skin with progressively ower SNR at 
deeper levels. The implanted esign has the added 
advantage that the maximum SNR is at the level of 
the artery with little noise contributed by surround- 
ing tissues. The implanted coil technique provides a
useful tool for cxperimental research of plaque pro- 
gression and treatment in animal models. Ford et al9 
demonstrated in a hypercholesteremic New Zealand 
rabbit model using an implanted coil around the 
aorta and injured by a balloon sufficient spatial res- 
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olution and SNR to follow temporally morphologic 
changes in the balloon-injured aorta. Quantitative 
MR morphometry corresponded well with morpho- 
logic measurements based on angiography and his- 
tology. In a research model, in vivo MR imaging 
using an implanted coil eliminates the need to per- 
form multiple invasive procedures to follow the 
induction of atherosclerosis and restenosis. The 
technique is an improvement over conventional his- 
tologic techniques that require the sacrifice of mul- 
tiple animals to assess chronological change, and it 
improves tatistical power by being able to obtain 
high-resolution images of the arterial wall sequen- 
tially within the same animal. This technique 
remains aresearch tool for investigating plaque mor- 
phology and development in animal models. 
Perivascular imaging allows for adequate spatial 
resolution coupled with sufficient signal strength and 
homogeneity to provide high resolution of plaque 
but is limited to animal work because of the need for 
permanent surgical implantation. Intravascular MR 
imaging, although similarly invasive, provides direct 
contact between the imaging coil and the vessel waft 
creating maximal spatial resolution. Since it can be 
placed intravascularly by percutaneous methods, it 
can be removed after imaging. Positioning the coil 
next to the vascular wall allows for the plaque to be 
within the area of maximal coil sensitivity. Although 
the technique does not allow for the ease of tempo- 
ral evaluation of wall plaque as perivascular coil 
implantation does, it does allow for the improved 
spatial detail compared with surface coils. One prob- 
lem of this technique is artifacts caused by blood 
flow and vessel wall pulsations. 
Zimmermann-Paul et all0 used an inflatable bal- 
loon that immobilizes the coil against he vessel wall. 
This technique liminates blood flow artifacts while 
coil motion artifacts relative to the arterial wall pul- 
sations are minimized. Despite the greater hetero- 
geneity characterizing plaque in the heritable hyper- 
lipidemic rabbit model that was used, T2-weighted 
images permitted ifferentiation of fibrous tissue 
from lipid deposits. The lower signal intensity of the 
fatty material reflected the shorter T2 relaxation 
times of fat compared with fibrous material. 
Intravascular MR images even permitted classifica- 
tion of plaque. The outlined MR grading scheme 
correlated well with a simplified AHA classifica- 
tion. 1° One problem with intravascular MR using 
this balloon technique is the need to occlude the 
vessel during imaging for several minutes. This tech- 
nique may be acceptable in evaluating the peripher- 
al arteries; it prevents analysis of the carotid or coro- 
nary arteries. Possible solutions include shortening 
of imaging times using new protocols or new 
catheter designs that allow flow through the imag- 
ing area. As more MRI-guided interventions are 
performed with open magnets, this technique may 
provide optimal imaging in performing percuta- 
neous interventions. 
MR imaging provides the necessary spatial reso- 
lution and tissue characterization to aid in the eval- 
uation of the vulnerable plaque. Newer coil designs 
that acquire signal from the surface, around and 
from within the vessel, will allow for the evaluation 
and diagnosis of these plaques at risk. As these tech- 
niques become more clinically useful, percutaneous 
therapy can be targeted with e hope of improving 
outcomes and decreasing acute ischemic syndromes. 
In addition, these techniques will enable us to better 
understand the pathology of the vessel wall that 
leads to the formation of the vulnerable plaque. 
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